Multiple-input multiple-output techniques enhance wireless communications performance by taking advantage of spatial diversity. However, most traditional MIMO systems hardly achieve large spatial diversity because of limited terminal size. In this article, we present recent advances of the distributed MIMO technologies in cooperative wireless networks. We also compare and discuss various relay protocols and cooperative strategies. Our simulation results indicate that distributed MIMO systems can provide larger spatial diversity, and the data rate in cooperative networks can be significantly increased.
INTRODUCTION
With ever increasing demands for multimedia services and web-related content, a high data rate is becoming one of the major features in the next generation of wireless communication systems. However, channel fading, an inherent property of wireless communication links, severely limits the increase of the data rate [1] . The most common and effective way to combat channel fading is to exploit the diversity from the received signals. By transmitting a signal via multiple independent channels, such as at different time slots, in different frequency bands, and from different spatial directions, the receiver can receive different copies of the signal and thus achieve time, frequency, and space diversity gains by employing optimal combining schemes.
Spatial diversity techniques are particularly attractive since they provide diversity gain without incurring extra costs of transmission time and bandwidth. Traditionally, spatial diversity is achieved by using multiple antennas at the transmitter and/or receiver, where the antennas are packed together with spacing on the order of a wavelength, referred as collocated multiple-input multiple-output (MIMO). Because of the diversity gain, collocated MIMO architectures are effective in increasing system throughput and capable of combating channel fading.
However, the benefits of the collocated MIMO technique are limited in practical systems [2] . The reasons for this limitation are twofold. First, spatial correlation causes performance degradation. In a collocated MIMO system, antennas at each node have to be placed close to each other. Thus, radio signals at the collocated antennas experience a similar scattering environment, and the channels may be correlated, especially when a line-of-sight (LOS) channel between the transmitter and receiver dominates. The channel matrices could be ill conditioned, resulting in significant capacity decrease. Second, due to the terminal size limitation, the node cannot be equipped with many antennas. Since the diversity gain is proportional to the number of antennas, a collocated MIMO system with few antennas cannot produce the expected performance.
To mitigate the aforementioned drawbacks in collocated MIMO systems, a new technique named distributed MIMO was proposed and has attracted much attention [3] . The major difference between the distributed and collocated MIMO is that multiple antennas at the front end of wireless networks are distributed among widely separated radio nodes. In a distributed MIMO system, each node may be only equipped with one antenna. Many nodes at different locations transmit the same information to the receiver. In this manner, multiple nodes form a virtual antenna array that achieves higher spatial diversity gain. This kind of spatial diversity is referred to as user cooperation diversity [3] , or simply cooperative diversity [4] .
In this article, we provide a detailed study of the recent advances in distributed MIMO technologies in cooperative wireless networks. Particularly, we concentrate on physical layer techniques instead of the design of higher layers. This article is organized as follows. We introduce the basic concept of a cooperation system. Next, we discuss relay protocols and cooperative strategies. We present simulation results that show the effectiveness of a cooperative network with full user cooperation diversity and improved bandwidth efficiency. At the end, we conclude this article.
COOPERATION SYSTEMS
A cooperative wireless network consists of a source, a number of relays, and a destination, which is illustrated in Fig. 1 . Because we deal with physical layer techniques instead of higher layer protocols in this article, it is reasonably assumed in the network that all nodes use the same multiple access resources; for example, they use the same subchannel in a frequency-division multiple access (FDMA) system. Therefore, the network in Fig. 1 is a subset of a practical network. It could be a cell in a cellular system or a same-frequency cluster in a mesh network.
In Fig. 1 , the source node intends to transmit information to destination node D. Other nodes in the network could be selected as helpers or relays for the transmission between the source and the destination. Assuming that nodes R 1 , R 2 , ⋅⋅⋅, and R n are selected to be the helpers, we treat these helpers as relay nodes, which forward the signals from the source to the destination. The relays together with the source form a virtual transmit array to achieve spatial diversity. Relays in a cooperation network are different from those in a relay network where the relays only forward signals from other nodes. In cooperation networks, any nods can function as a source or a relay. When a node collects and transmits information, it works as a source. Otherwise, it can help other nodes as a relay.
When a communication link is established for transmitting information, relay nodes are selected based on a set of rules or relay selection strategies. Usually metrics such as the locations, loads, and end-to-end performance of the relays are considered in a network. To complete this task, a cross-layer design is employed, which is beyond the scope of this article. Interested readers can refer to an excellent article [5] for details.
The communication between the source and destination proceeds in two phases: information sharing and cooperative transmission. In the information sharing phase, the source broadcasts its information to the relays and the destination. This step is inevitable because spatial diversity can only be achieved from independent transmission of the same information. Through information sharing, all relays get the information from the source and enable independent data transmission. In the second phase, the information is forwarded by the relays to the destination. In the meantime, the source could either transmit or remain inactive. Because the relays are randomly selected and are usually separated far away from others, it becomes a strong likelihood that the channels between each relay and the destination are uncorrelated. In cooperative transmission, multiple relays and a source node (each of which is equipped with a single antenna) form a virtual antenna array for a distributed MIMO system. This distributed MIMO provides the benefits of the cooperative system by overcoming the size limitation and ill conditioned channel matrix in collocated MIMO systems.
Co-channel interference is a serious problem in a cooperative wireless network. When the information is relayed to the destination, there exists co-channel interference in that the signals from different relays may interfere with each other at the destination. Although the interference cancellation at the destination is a possible solution, the required algorithm is complex, and the performance may not be very satisfying. The common cooperative strategy is to avoid interference by transmitting the relayed signals in orthogonal subchannels. The orthogonality could be acquired by using a repetition-based strategy or distributed space-time coding (DSTC). For the repetition-based strategy, the relays forward the signal in different time slots; that is, in each time slot, only one relay transmits information, while the other relays stay inactive. This strategy is easy to implement, but results in poor bandwidth efficiency. By using DSTC, the relays can forward information in the same time slot. The orthogonality is constructed in both time and space domains. Although the DSTC-based strategy leads to a more complex network, the bandwidth is utilized more efficiently.
Both repetition-based and DSTC-based cooperative strategies can achieve full spatial diversity (i.e., the n + 1 order of spatial diversity). However, the achieved diversity is not only decided by the cooperative strategies, but also determined by the relay protocols, which define the relaying methods for the relays. We first discuss relay protocols in the next section, and then compare the cooperative strategies later.
RELAY PROTOCOLS
Relay protocols significantly affect the system performance in cooperative wireless networks. In this section, we present an overview of commonly used relay protocols.
AMPLIFY-AND-FORWARD
The simplest relay protocol is amplify-and-forward (AF) [6] . In AF, each relay amplifies the received noisy signals and forwards them to the destination. This simple processing benefits cooperative wireless networks with full spatial diversity at high signal-to-noise ratios (SNRs). Because the noise component is also amplified in AF, the bit error rate (BER) performance could be degraded. To optimize the performance in AF systems, a scalar used for amplification is chosen adaptively based on the channel coefficient.
DECODE-AND-FORWARD
For decode-and-forward (DF) relay protocol, the relays first decode the received signals and then forward the re-encoded signals to the destination node [7] . The decoding can be done fully in bit level or partially in symbol level. When the channel between the source and the relay is of good quality, DF provides error correlation capability and is then superior to AF. However, when the channel link suffers from deep fading, the decoding could produce errors because no effective method can be applied to combat the fading. These errors will propagate to the destination, leading to worse performance overall. Although DF cannot provide full diversity by itself, it can achieve full diversity when more complex coding schemes are applied at relays.
SELECTION RELAYING
To mitigate the effect of the noise amplification in AF and error propagation caused by DF, another relay protocol, named selection relaying, was proposed by Laneman et al. in [8] . In selection relaying, AF or DF is adopted only when the fading channel has high instantaneous SNR. Otherwise, the relay suspends forwarding. Selection relaying can offer full spatial diversity.
COOPERATIVE STRATEGIES
In a cooperative wireless network, when a relay protocol is selected and the received signals are processed, the relay is ready to forward the signals to the destination. As mentioned earlier, both repetition-based and DSTC-based orthogonal relaying can be adopted as the cooperative strategy. In this section, we discuss these two cooperative strategies in detail.
REPETITION-BASED COOPERATIVE STRATEGY
In a repetition-based cooperative strategy, the relays forward signals sequentially; that is, only one relay is allowed to forward signals at each time slot [8] . Figure 2a illustrates the time slot utilization in a repetition-based strategy. In phase one, the source broadcasts the information to the destination and relays in the same time slot. In phase two, each relay forwards the received signal to the destination sequentially. Hence, a total of n time slots are required to finish phase two. This repetition scheme takes a long time to complete the forwarding process, leading to inefficient bandwidth utilization. It is easy to verify that the data rate of the repetitionbased cooperative strategy is 1/n.
To improve bandwidth efficiency, a novel relay protocol named incremental relaying was proposed to reduce relay repetitions [9] . In incremental relaying, the destination will estimate the signal at the end of phase one, and feed back a single bit to the source and relays to indicate the success or failure of the direct transmission. If the direct transmission succeeds, the relays will not forward the signals, and the source will continue to the next time slot of new information transmission. Otherwise, relays forward the signals to the destination. This protocol improves bandwidth utilization only at high SNRs.
DSTC-BASED COOPERATIVE STRATEGY
Repetition-based cooperative diversity algorithms can achieve full spatial diversity at the expense of decreasing bandwidth efficiency. The utilization of incremental relaying cannot overcome this drawback when the source-destination link is in poor condition. To further improve bandwidth efficiency, DSTC can be used to enable relays to transmit in the same time slot in cooperative systems [9] . In the DSTC-based cooperative strategy the source broadcasts information in phase one. Contrary to the above repetition-based cooperative strategy, the source and all relays simultaneously transmit coded signals in phase two. Thus, we can achieve the full cooperative diversity gain, n + 1.
DSTC-based cooperative strategy is usually applied together with AF or DF relay protocol. After the signals are amplified or decoded, the relays will re-encode the signal before forwarding. Different from the DF protocol, the signals are re-encoded by using distributed space-time codes in the DSTC-based strategy. Distributed spacetime codes can be directly obtained from conventional space-time codes such that each code is applied to the antenna at each node. Commonly used distributed space-time codes are distributed space-time block codes and distributed space-time trellis codes. These codes guarantee that the signals from different relays are orthogonal, and hence can be separated at the destination without interference. In this manner, all relays forward the signals at the same time slot, as shown in Fig.  2b . Comparing Fig. 2a and 2b , it is found that the channel utilization of the DSTC-based strategy is better than that of the repetition-based strategy.
The bandwidth efficiency improvement provided by the DSTC-based strategy comes at the cost of complex signaling and signal processing. To implement DSTC, the relays should have a priori knowledge of the space-time codes assigned to them. This requires extra signaling over dedicated channels. However, the bandwidth for the extra signaling is negligible compared to the improved bandwidth utilization. While space-time coding adds some computation complexity to the relays, the one-antenna design simplifies the relays significantly. Consequently, the nodes in a cooperative wireless network are relatively simple compared to those in a traditional MIMO system, which are mounted with multiple antennas and have to process signals from multiple physical channels.
PERFORMANCE COMPARISONS
In this section we present our simulation results and compare the performance of cooperative wireless networks with different relay protocols and cooperative strategies. A flat fading channel is used in the simulations. In Fig. 3 , where the x-axis is the SNR and the y-axis is the outage probability P outage . The data rate is set to R = 1 b/s/Hz, and the number of relay n = 1 in this scenario. Compared to direct transmission, the AF, selection DF, and incremental AF protocols can achieve full diversity gain (2 in this scenario) because their curves are nearly double as steep as that of direct transmission. The incremental AF protocol performs even better since the one-bit feedback can effectively reduce the relay repetitions. For example, the incremental AF protocol achieves about 17 dB gain over direct transmission at an outage probability of 10 -3 . The DF protocol, however, performs similarly to the direct transmission because it cannot achieve full spatial diversity. In this single relay scenario, the DF protocol cannot achieve any spatial diversity.
The outage capacities of the repetition-based cooperative strategy are shown and compared in Fig. 4 , where the x-axis is the data rate in bit per second per Hertz, and the y-axis is the outage probability P outage . It is observed that the outage probabilities for the direct transmission and repetition-based cooperative strategy increase with the data rate. This is reasonable based on the definition of the outage probability. However, the relationship between the outage probability and the number of relays becomes complicated. At low data rates, the outage probability performance becomes better with more relays, while at high data rates, the outage probability becomes worse when more relays are used. For example, at 1 b/s/Hz data rate, the outage probability is 3 × 10 -4 for the one-relay scheme, and it improves to 2 × 10 -5 for the three-relay scheme. When the data rate is above 1.4 b/s/Hz, however, the outage probability of the three-relay scheme is higher than that of the one-relay scheme. This phenomenon results from the poor bandwidth efficiency of the repetition-based cooperative strategy. From the above analysis, we realize that the repetition-based cooperative strategy can guarantee a specific low data rate, but it cannot increase the data rate by adding more relays in the cooperative wireless network.
In contrast to the repetition-based cooperative strategy, the DSTC-based cooperative strategy offers better bandwidth efficiency, as shown in Fig. 5 , where the x-axis is the data rate in bits per second per Hertz, and the y-axis is the outage probability P outage . When three relays are used, the outage probability is about 10 -7 at 1 b/s/Hz, which is much lower than the outage probability 2 × 10 -5 of the repetition-based cooperative strategy. This bandwidth utilization improvement results from the simultaneous transmission of a group of relays. Due to the same cause, adding more relays will not decrease the data rate. On the contrary, more relays will increase the data rate due to the higher order of spatial diversity. For example, in Fig. 5 , comparing the three-relay scheme to the one-relay scheme, the outage probability becomes lower by about an order of two. It should be noted that the achievable data rate cannot exceed the channel capacity. Therefore, the curves in Fig. 5 will converge at P outage for sure when the data rate is greater than the channel capacity.
Finally, the BER performance of repetitionbased and DSTC-based cooperative strategies is shown in Fig. 6 , where the x-axis is the SNR in dB and the y-axis is the average BER. The code used in the simulation is single-symbol maximum likelihood decodable distributed STBC proposed in [10] . Three relays and AF relay protocol are used in the simulation. Given the same data rate, the DSTC-based strategy outperforms repetitionbased strategy in terms of average BER. For example at 2 b/s/Hz in Fig. 6 , the DSTC-based cooperative strategy acquires about 7 dB gain over the repetition-based cooperative strategy at 10 -4 average BER. When the data rate increases, the BER performance of both strategies degrades. Especially, it is observed that the degradation for the repletion-based strategy is more severe. For instance, at average BER 10 -4 , the BER degradation from 2 b/s/Hz to 1 bt/s/Hz is about 5 dB for the DSTC-based cooperative strategy but about 10 dB for the repetition-based cooperative strategy. This simulation result shows again that the repetition-based strategy is bandwidth inefficient.
CONCLUSIONS
In this article, we present a detailed discussion of the latest distributed MIMO technologies in cooperative wireless networks. This includes the principle of cooperative wireless communications, and popular relay protocols and cooperative strategies. Our analysis incorporates a performance comparison of outage probability and bit error rates. The simulation results indicate that distributed MIMO can provide full user cooperation diversity, and the data rate in cooperative networks can be significantly increased by using distributed spacetime coding. 
